Objective: To evaluate the image registration accuracy and efficiency of CT and MRI fusion using three algorithms in nasopharyngeal carcinoma (NPC). Methods and materials: Twelve sets of CT and MRI scans of 12 NPC patients were fused using three image registration algorithms, respectively: Mark-and-link, Interactive, and Normalized Mutual Information (NMI). Registration accuracy was evaluated by performing statistical analysis of the coordinate differences between CT and MR anatomical landmarks along the x-, y-and z-axes. The time required to complete the registration process using three algorithms was also recorded. One-way ANOVA was used to analyze the difference of the three registration methods. Results: The mean time required for CT/MRI registration using the three different registration algorithms, mark-and-link, interactive, and NMI, was 6.25 min, 5.25 min, and 5.15 min, respectively. The mark-and-link method was more time consuming (F=8.74, p=0.001); however no statistical difference was found between the time required using interactive and NMI methods (p=0.77). Mean registration errors of the three methods along the x-axis were 0.66 mm, 0.70 mm, and 0.68 mm, respectively (F=0. 09, p=0.91). Along the y-axis, the mean registration errors were 1.03 mm, 1.04 mm, and 1. 03 mm, respectively (F=0.02, p=0.98). Along the z-axis, they were 0.58 mm, 0.64 mm, and 0.56 mm, respectively (F=0.21, p=0.81).
soft-tissue contrast. MRI, on the other hand, provides superior soft-tissue contrast and visualization of tumor invasion of surrounding soft tissues. In addition, MRI provides images in nonaxial planes (sagittal and coronal), thus allowing better 3D representation of the tumor volume. However, MR imaging suffers from geometric distortion at the edges of the field of view and are susceptible of artifacts at interfaces between bone and air. Furthermore, it does not provide the intrinsic information on electron density, which thereby precludes its use as the sole imaging modality for treatment planning in NPC. An accurate image registration of CT and MRI scans is essential in treatment planning, (2) (3) (4) because the complementary information contained in the two modalities can provide more accurate tumor definition. (5) (6) (7) (8) (9) The use of commercially available registration software is growing rapidly in radiotherapy centers. A number of registration algorithms have been described as providing generally satisfactory results. (10) (11) (12) (13) (14) (15) (16) Three registration methods are commonly used in our clinic: mark-and-link, interactive (AcQPlan 4.1, Philips Medical Systems, Bothell, WA), and Normalized Mutual Information (NMI) (ADAC Pinnacle 3 , ADAC Laboratories, Milpitas, CA).
In this paper, we describe our experience of CT and MRI registration in NPC using the above three methods, and compare the registration accuracy of the three algorithms.
II. MATERIALS And METHodS

A. Patient Selection
In this study, we selected the image data sets of 12 NPC patients who received 3D conformal RT. Both planning CT and MR scans of the skull base, nasopharynx, and neck were acquired for all patients for the purpose of radiotherapy treatment planning.
B. data Acquisition
The CT scans were obtained on a Philips AcQSim CT simulator (Philips Medical Systems, Cleveland, OH) with IV contrast fluid (Omnipaque). The CT imaging parameters were 140 kVp, 146 mA, matrix 512 × 512 and FOV of 256 mm, standard head reconstruction kernel. The reconstructed slice thickness was 3 mm. During CT scan, patients were immobilized in the supine position with a thermoplastic face mask (Fig.1) . The MR images were acquired with a GE 1.5 Tesla unit (GE Medical Systems, Waukesha, WI) using a Torso PA body coil. The patients were immobilized in supine position with the same thermoplastic mask as that used during CT scan. T1-weighted (repetition time [TR] 300-400 ms and echo time [TE] 10-15 ms) and T2-weighted (TR 4000-5000 ms and TE 80-100 ms) fast spin-echo images in the axial plane were obtained with the matrix of 256 × 256 and FOV of 256 mm. The image slice thickness was 5 mm with a 1-mm interslice gap.
C. CT and MRI Registration
The fusion of CT and T2 weighted MR image sets was performed. Each user must finish CT/ MRI registration using the following three registration algorithms, mark-and-link, interactive, and Normalized Mutual Information (NMI), separately.
"Mark-and-link" registration displays CT and MR image sets side by side on the screen. We identify at least three noncoplanar pairs of matching (conjugate) location points within the two image sets, such as the top of dens axis, the internal carotid artery, the basal artery, the post-mandibular vein, and the inner auditory canal. Alternating between the two image sets, we will mark conjugate points and link them together.
The interactive registration method displays CT and MR images, one overlaid on the other, in each of four separate image viewports: oblique, axial, sagittal and coronal. CT is gray scale and MRI is in color. We can use any of the normal image manipulation methods: rotation, movement (left/right/up/down), panning left and right, and zooming in or out, to manipulate the MR image to best match with CT.
NMI matching uses the concept of relative entropy between two image sets, which is a measure of how one image explains the other. It is given by the difference between the sum of the entropies of the individual images at overlap and the joint entropy of the combined images. At alignment, the algorithm tries to maximize the mutual information so that the joint entropy is minimized with respect to the entropy of the overlapping part of the individual images. In other words, it tries to calculate the transformation that makes one image the best possible predictor for the other, within the region of overlap. The technique needs no prior segmentation or preprocessing of the images, and was done automatically.
To compare the time of the registration process, the total time required to select the landmarks and for the algorithm to complete the registration was recorded for each registration method. The rotation of MR images along the x-, y-, and z-axes calculated by the three registration algorithms was also recorded.
d. Evaluation of the Registration Accuracy
Registration accuracy was accessed by measuring the difference of the distance along the x-(left-right), and y-(anterior-posterior) axes between the skin contours on CT and MR images, since the skin contour was well visualized on both CT and MR ( Fig. 2 and Fig. 3 ). Measurements were carried out at three transverse levels with 1.5 cm space intervals. The mean value of these measured differences was used to evaluate the registration accuracy along the x-and y-axes. Registration accuracy along the z-axis was accessed by comparing the z-coordinate of the three anatomical landmarks: roof of skull bone, bottom of sella turcica, and top of dens axis. The mean value of these differences served as a quantitative measurement of the registration accuracy along the z-axis. In addition, the contours of the left maxillary sinus were delineated on both CT and the registered MR images, independently. The coordinate differences of the centers of the left maxillary sinus were used as an estimate for registration errors along x-, y-and z-axes.
All measurements were done by the same doctor to avoid the interobserver variations on the distance measurements. And all measurements were carried out on the ADAC Pinnacle 3 workstation to which the image data were transferred using self-developed utility software.
E. Statistical Analysis
All statistical analyses were performed using the SPSS software (version 10.0). One-Way ANOVA was used to analyze the difference of the 3 registration methods (ANOVA is short for Analysis of Variance). A two-tailed p value of <0.05 was considered statistically significant in all cases.
III. RESuLTS
A. Registration Accuracy
The mean distance differences between CT and MR skin contours along the x-and y-axes, and the mean coordinate differences along the z-axis for three registration algorithms are listed in Table 1 . The difference of the fusion accuracy along the x-axis (F=0.09, p=0.91), y-axis (F=0.02, p=0.98), and z-axis (F=0.21, p=0.81) was found to be of no statistical significance. Using the center of the left maxillary sinus as the reference structure for registration errors gave similar results as shown in Table 2 . No statistical difference was found among the coordinate differences between CT and MR after registration along the x-axis (F=0.06, p=0.94), y-axis (F=0.16, p=0.85), and z-axis (F=0.03, p=0.97). Table 1 . Skin contour and coordinate differences between CT and MRI along the x-, y-and z-axes after registration.
Mark-and-link (mm)
Interactive (mm) Table 2 . Coordinate differences between CT and MR after registration determined by the center of the left maxillary sinus along x-, y-and z-axes. 
Mark-and-link (mm) Interactive (mm) NMI (mm)
B. Efficiency of CT and MRI Registration
The time needed to complete acceptable CT and MRI registration using mark-and-link, interactive, and NMI fusion algorithms was 6.25±1.27min, 5.25±1.01 min, and 5.15±0.86 min, respectively. More time is needed for the mark-and-link method (F=8.74, p=0.001); however, no statistical difference was found between the interactive and NMI methods (p=0.77).
C. Rotation of MRI to Complete CT and MRI Registration
The angle of rotation of MR image data set along the x-, y-, and z-axes after completing CT and MRI fusion with the three registration algorithms was shown in Table 3 . No statistical difference was found in the rotation angles along the x-axis (F=0.01, p=0.99), y-axis (F=0.02, p=0.98), and z-axis (F=0.02, p=0.98). Table 3 . Rotation of MR image along the x-, y-and z-axes after CT and MRI registration. Note: α, β, γ refer to the rotation of MR image along the x-, y-, and z-axes, respectively.
Mark-and-link (°) Interactive (°) NMI (°)
IV. dISCuSSIon
The spatial information obtained with different imaging studies can be integrated into one data set with the image registration procedure. A number of registration algorithms have been described in the literature. (10) (11) (12) (13) (14) (15) (16) A stereotactic fixation frame may be attached to the skull for subsequent CT and MR scanning procedures and serve as a reference structure for image registration. Although it can provide fairly reliable registration, it requires a controlled clinical setting, and the image registration can only be carried out prospectively. (1) This disadvantage can be overcome by the so-called retrospective registration methods, which pose less logistical problems and may be more useful for clinical applications. These registration algorithms were described in detail and, in general, were able to provide satisfactory results. (10) (11) (12) (13) (14) (15) (16) Median errors for CT-MR registration were in the range of 0.7 mm to 6.3 mm. (17) Some of these retrospective methods such as mark-and-link and surface matching required the identification or delineation of several corresponding structures in subsequent image data sets to perform registration. (10, 11) In general, they provide adequate image registration results; however, these methods suffer from the intensive user interaction that is required. As a consequence, the process is highly user-dependent and relies on the skill of the user. Our study showed that mark-and-link matching has failed quite often in the first attempt, and requires several iterations, and hence time, to minimize the residual registration error. An alternative approach is the automated registration technique using intensity matching (Normalized Mutual Information), which has shown to be the best option in terms of both accuracy and efficiency. Regardless of the skill of the user in aligning the landmarks, NMI consistently results in more accurate registration in much less time than that spent by an experienced user in the manual process of image registration. (13) (14) (15) (16) The validation and comparison of registration techniques are impeded by the lack of a "gold standard" for registration tests. West et al. (17) evaluated 16 registration techniques for CT and MR images in a collaborative study of 12 centers. The resultant registrations of all centers were compared with a standard image set, which consisted of a prospective registration technique employing fiducial markers. Median errors for CT-MR registration were in the range of 0.7 mm to 6.3 mm. Veninga et al. (1) validated NMI method for registration of CT and MRI in 15 brain tumor cases by performing statistical analysis of coordinate differences between CT and MR anatomical landmarks along the x-, y-and z-axes. The mean coordinate differences between CT and MR landmarks were typically within 0.5 mm along the x-and y-axes, and within 1.0 mm along the z-axis. Moore et al. (18) employed a head and neck phantom to test the accuracy of CT and MRI registration, and found that the mean difference between the coordinates of the center of shape was 0.43 mm along the x-axis, and 0.37 mm along the y-axis. Gedat et al. (19) used both phantom and volunteers to analyze the accuracy of retrospective CT/MRI registration, and reported that the accuracy was 0.0 mm±1.2 mm and 0.2°± 0.9° (mean ± SD) in phantom experiments, and 0.1 mm±1.5 mm and 0.2°±1.5° in volunteers. In our study, the patients were immobilized with a thermoplastic mask to receive CT and MRI scan. Our results revealed a fairly good immobilization consistency as far as rotations are concerned -typically ≤1.0 degree as indicated by this image registration algorithm evaluation study. We compared the accuracy of manual (mark-and-link, interactive) and automated (NMI) registration methods for CT and MR images in 12 NPC patients by using the distance differences of the skin contour and the coordinate differences of anatomical landmarks on the corresponding fused image slices. We also compared the total time required by each registration algorithm to generate the satisfactory results, including the time taken by the physician to align the landmarks in manual registration. We found that the three methods provided similar registration accuracy, which was less than 0.8 mm along the x-axis, less than 1.1 mm along the y-axis, and less than 0.7 mm along the z-axis. But it required more time using the mark-and-link method.
The dominant factors which determine the registration residual errors are: identification of the initial landmarks on each image set during the registration process, accuracy of the registration algorithm, and subjective analysis of the registration results. The centers of the right and left eye globe were used in evaluating the registration errors in 1D. (1) In our opinion, due to the long scan time, it is impossible for the eyes to remain in a fixed position and, furthermore, the eyes are located above the nasopharynx along the z-axis. The maxillary sinus, on the contrary, remains in a fixed position and is located at the same level as the nasopharynx along the z-axis. Thus the center of the maxillary sinus was used for analyzing the registration errors in 1D in our study. Registration accuracy can be affected by several other factors as well, such as image distortion, (20) body position, and patient motion during the image acquisition. (15) In our study, patients were immobilized with the same thermoplastic mask for both CT and MR scans, which ensured the same body position and minimized the patient motion during MR scan.
In this study, we did not measure the extent of system-related distortions or object-induced distortions in MRI. However, based on our measurements, the CT and MRI registration errors were very small along the x-, y-, and z-axes, which would indicate that the system-and objectinduced distortions are negligible.
V. ConCLuSIonS
Mark-and-link, interactive, and NMI methods can provide excellent registration accuracy as evaluated by the measurement of coordinate differences between a series of well-defined landmarks in CT and MR data sets. But more time is required for the mark-and-link method.
